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Chapter 1: Introduction 
 
Enzymatic cascade reactions, in which a certain number (typically more than 3) of enzymes are combinatorially 
used in a single batch, has been applied to the production of a variety of industrial chemicals at a lab scale. 
This approach, designated as in vitro metabolic engineering, offers some distinct advantages over conventional 
fermentation-based processes such as great flexibility, high product yields without by-products, fast reaction 
rates, broad reaction conditions, and industrial scalability. In spite of these potential advantages, in vitro 
metabolic engineering has not yet come into a practical use owing to four major obstacles, namely (i) low-cost 
enzyme production, (ii) prolonged enzyme stability, (iii) cofactor engineering, and (iv) pathway optimization 
and modeling. The employment of thermotolerant enzymes would be the possible solutions for some of these 
limitations. A simple heat-treatment of recombinant mesophilic cells (e.g., Escherichia coli) harboring 
thermophilic enzymes results in the denaturation of indigenous proteins and enables one-step preparation of 
highly selective thermotolerant biocatalytic modules without costly and time-consuming procedure for enzymes 
purification. This study aimed to further improve the operational simplicity of thermophilic-enzyme-based 
in vitro metabolic engineering with particular focuses on (1) prevention of the thermolysis of E. coli cells 
and (2) co-expression of multiple thermophilic enzymes in a single recombinant cell.  
 
Chapter 2: Development of a continuous bioconversion system using a thermophilic whole-cell biocatalyst  
 
The recombinant E. coli cells harboring the thermophilic fumarase from Thermus thermophilus were treated with 
a low concentration of glutaraldehyde (GA) to prevent the heat-induced leakage of the enzyme. The membrane 
permeability of GA-treated E. coli cells to relatively small molecules could be improved by heat treatment 
whereas the overall structure of the cells was not apparently changed. The GA-treated E. coli cells having 
the thermophilic fumarase were used for the hydration of fumarate to malate in a continuous reactor for more 
than 600 min with a molar conversion yield of 60% or higher. 
 
Chapter 3: Assembly and multiple gene expression of thermophilic enzymes in Escherichia coli for in vitro 
metabolic engineering  
 
Genes encoding nine thermophilic enzymes involved in a non-ATP-forming chimeric glycolytic pathway were 
co-expressed in a single recombinant E. coli strain by assembling them in an artificial operon. The cell-free 
extract of the multiple-gene-expression E. coli showed higher specific activities of the thermophilic enzymes 
compared to those in an enzyme cocktail prepared from a mixture of single-gene-expression strains, in each 
of which one of the nine thermophilic enzymes was overproduced. By heating the crude extract of the 
multiple-gene-expression cells at 70oC, a full set of glycolytic pathway enzymes was prepared and used for 




   
 
Chapter 4: Conclusions 
 
The thermolysis of E. coli cells could be prevented by a pretreatment with GA. The GA-treated cells harboring 
thermophilic fumarase could be applied in a continuous bioconversion system for the hydration of fumarate 
to malate. The assembly and co-expression of multiple enzymes in single E. coli cell could also be demonstrated. 
Genes encoding for nine thermophilic enzymes involved in the non-ATP-forming chimeric glycolytic pathway have 
been assembled in an artificial operon and functionally expressed in a single E. coli cell. Through a 
heat-treatment (70oC, 30 min) of the crude extract of the recombinant cells, one-step preparation of the cocktail 
of enzyme-of-interests could be achieved. Stoichiometric conversion of glucose to lactate was demonstrated 
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第 4章は、第 2～3章で述べられた研究成果を総括するものである。第 3章で構築された共発現株に対し、第 2章で
述べられた GA処理を施すことにより、繰り返し利用時における共発現株の触媒効率を評価している。GA処理を行わな
い場合に比べ、処理菌体は繰り返し利用時の触媒活性の持続性に優れることが認められており、本論文で得られた研
究成果の有用性を追実証する結果となっている。また本論文で示された研究成果に基づく将来展望ひとつとして、共
発現株の細胞破砕液と限外ろ過を組み合わせた新たな連続反応システムの可能性についても言及されている。 
以上のように、本論文は in vitro代謝工学という萌芽的技術を産業応用可能なレベルに引き上げるため、主として
操作の簡便化という観点から改良を試みた成果について記されたものである。個々の研究成果とそこから導き出され
た考察はいずれも本技術の将来的な産業応用に向けた指針を与えうるものであり、その学術的価値も高い水準にある
と判断できる。 
よって本論文は博士論文として価値あるものと認める。 
 
 
 
